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ABSTRACT
We present results of Hi absorption experiment done using the Giant Metrewave Radio
Telescope (GMRT) towards 27 low- and intermediate-luminosity (P1.4GHz ∼10
23-1026
W Hz−1) radio active galactic nuclei (AGN), classified as either low excitation radio
galaxies (LERGs) or high excitation radio galaxies (HERGs) and with WISE colour
W2[4.6 µm]−W3[12 µm]> 2. We report Hi absorption detection towards seven radio
AGNs, six of which are new. Combined with other sources from literature classified
as LERGs or HERGs, we confirm our earlier result that compact radio AGNs with
WISE colourW2−W3>2 have higher detection rates compared to those with W2−W3
<2. We find that Hi absorption detection rate is higher for HERGs (37.0+15.8
−11.5 per
cent) compared to LERGs (22.0+3.9
−3.4 per cent), mainly due to a larger fraction of
HERGs being gas and dust rich with a younger stellar population compared to LERGs.
However, for similar compact radio structures and host galaxies with WISE colours
W2−W3>2, we don’t find any significant difference in detection rates of two types of
AGNs implying detection of Hi gas may not necessarily mean high excitation mode
AGN. We further analysed the kinematics towards these sources. We find that while
LERGs show a wide range in the shift of centroid velocities (∼ −479 to +356 km s−1)
relative to the optical systemic velocity, most of the HERGs have centroid velocity shift
less than 200 km s−1, possibly due to differences in jet-interstellar medium interaction.
Key words: galaxies: active – galaxies: general – galaxies: nuclei – infrared: galaxies
– radio lines: galaxies – radio continuum: galaxies
1 INTRODUCTION
Almost all massive galaxies with a bulge have a su-
permassive black hole (SMBH) present at their centres
(Kormendy & Ho 2013), which is a key component of Ac-
tive Galactic Nuclei (AGN) models. However, triggering
of AGN activity is not limited only to the presence of a
SMBH. It also depends on the fueling mechanisms, which
are found to be different according to the different types
of accretion modes. In terms of Eddington accretion rate,
it can be broadly classified into hyper-accretion or super
Eddington accretion (Abramowicz et al. 1989); thin disk
or radiatively efficient mode characterised by accretion of
cold gas and a high accretion rate (Shakura & Sunyaev
1973; Novikov & Thorne 1973); and hot accretion or ra-
diatively inefficient mode, characterised by the accretion
⋆ yogesh.chandola@pmo.ac.cn, yogesh.chandola@gmail.com
of hot gas and a low accretion rate (Narayan & Yi 1994,
1995; Yuan & Narayan 2014). AGNs with cold accretion
modes are known to be efficiently fueled by cold interstel-
lar medium (ISM) gas and have geometrically thin and
optically thick accretion disks, surrounded by a torus of
dust and cold molecular/atomic gas. Due to the presence of
strong optical emission lines, these AGNs are also known as
high-excitation mode AGNs (Buttiglione et al. 2010). These
AGNs are also known as radiative mode AGNs as they
emit efficiently radiative power across the whole electro-
magnetic spectrum. Based upon the orientation of torus
with respect to the observer’s line of sight to the cen-
tral AGN, these systems are classified into Type 2 (ob-
scured) and Type 1 (unobscured) AGNs. Obscured AGNs
with the presence of dusty torus can be probed with the
help of mid-IR, X-ray and radio data (Mateos et al. 2013;
Mateos 2014; Mingo et al. 2016; Hickox & Alexander 2018).
Different selection criteria based on all-sky mid-IR Wide-
c© 2019 The Authors
2 Chandola Y., Saikia D.J. & Li Di
Field Infrared Survey Explorer (WISE; Wright et al. 2010)
colour-colour diagram W1[3.4 µm]−W2[4.6 µm] vs W2[4.6
µm]−W3[12 µm] have been discussed in the literature to
identify high accretion mode obscured AGNs (Donoso et al.
2009; Stern et al. 2012; Donoso et al. 2012; Yan et al. 2013;
Gu¨rkan et al. 2014, 2015; Kauffmann 2018a,b). However, it
is worth noting that some amount of obscuration can be due
to dust in host galaxy ISM and edge-on orientation of host
galaxies. Triggering of nuclear activity in high-excitation
mode AGNs is generally considered to be through merg-
ers and interactions; the evidence for which reduces with
radio power (Pierce et al. 2019). On the other hand, hot ac-
cretion mode AGNs are fueled by the cooling of hot halo
gas (Narayan & Yi 1994, 1995; Yuan & Narayan 2014). In
these systems, the accretion disk is geometrically thick and
optically thin with no torus surrounding it (Narayan & Yi
1994, 1995; Yuan & Narayan 2014). These sources are also
referred to as jet-mode AGNs (Heckman & Best 2014).
Nearly 10-20 per cent of all types of AGNs are known
to show radio activity in the form of jets extending from
parsec to megaparsec scales. Triggering of radio AGN ac-
tivity may depend on their black hole mass and spin along
with the accretion modes and nearby environment of hosts
(Heckman & Best 2014). Radio AGNs with high-excitation
emission lines and cold accretion mode are termed as High
Excitation Radio Galaxies (HERGs) while those with weak
emission lines are known as Low Excitation Radio Galaxies
(LERGs). In the nearby Universe (z < 0.3), LERGs domi-
nate at low (P1.4GHz ∼ 10
23 -1024.3 WHz−1) and interme-
diate radio powers (P1.4GHz ∼ 10
24.3 -1026 WHz−1) while
HERGs are dominant at high radio powers (P1.4GHz > 10
26
WHz−1) (Best & Heckman 2012b). LERGs are hosted by
massive early-type galaxies with higher SMBH mass as com-
pared to HERGs. LERG hosts have an older stellar pop-
ulation and lower accretion rates as compared to HERGs
(Whittam et al. 2018). Williams et al. (2018) studied prop-
erties of intermediate to high redshift LERG and HERG
hosts, to find that LERG luminosity function shows neg-
ative evolution with increasing redshift (z∼0.5-2) implying
decrease in LERG population and HERG as a dominant
population at higher redshifts for all values of radio power.
This is consistent with the scenario of AGN-host galaxy
co-evolution with redshift. Mechanical feedback from radio
AGNs is one of the important factors, which can significantly
impact this co-evolution. Whittam et al. (2018) find ∼ 10%
of accretion power is released as mechanical feedback via ra-
dio jets for almost all sources in their sample irrespective of
accretion modes.
In radio AGNs, evidence of feedback has been found
as outflows of ionized as well as neutral atomic and
molecular gas (e.g. PKS1549-79, Tadhunter et al. 2001;
3C305 , Morganti et al. 2005; IC5063, Morganti et al. 2007).
In the ultra-luminous infra-red galaxy (ULIRG) 4C12.50,
Morganti et al. (2013) reported ongoing parsec scale atomic
hydrogen outflow due to jet-cloud interaction coinciding
with molecular CO outflow (Dasyra & Combes 2012). In
some cases, evidence of jet-cloud interactions has been found
in the form of largely blueshifted Hi absorption profiles
with widths up to several 1000 km s−1(Mahony et al. 2013;
Aditya & Kanekar 2018). Outflowing gas in different phases,
especially the cold gas, may have a significant effect on star
formation. However, how this may affect the star-formation
of host galaxies is still a subject of debate (Harrison 2017).
Some studies suggest that AGN outflows deplete the cold
gas reservoir in host galaxies, leading to suppressed star-
formation (Lehnert et al. 2011; Cicone et al. 2014). Massive
outflow of molecular gas M˙ ≈ 110 M⊙yr
−1 was detected
in NGC1266 but only 2 M⊙yr
−1 could escape the galaxy
(Alatalo et al. 2015). In this galaxy, star formation rate was
found to be suppressed by a factor of ≈ 50 (Kennicutt-
Schmidt law) (Kennicutt 1998) compared with a normal
star-forming galaxy, possibly due to mechanical interaction.
However, in the galaxy Mrk 231, despite a massive out-
flow of molecular gas, star-formation efficiency is consistent
with the Kennicutt-Schmidt law (Alatalo 2015). Also, the
jet-ISM interaction may have an important role in deter-
mining the evolutionary path (Kunert-Bajraszewska et al.
2010; An & Baan 2012) and structures of radio sources
(Gopal-Krishna & Wiita 2000).
Hi 21-cm absorption towards radio AGNs is a use-
ful technique which has been used to probe the pres-
ence of Hi gas in the circumnuclear environment of
these sources (Vermeulen et al. 2003; Beswick et al. 2004;
Gupta et al. 2006; Chandola et al. 2010, 2011, 2012, 2013;
Salter et al. 2010; Allison et al. 2015; Maccagni et al. 2017;
Aditya et al. 2017; Aditya & Kanekar 2018; Glowacki et al.
2019; Grasha et al. 2019). Studying cold Hi gas and its kine-
matics in the host galaxies and nearby environment of radio
AGNs is useful for understanding the fueling and triggering
of radio AGN activity in these sources. It is also useful for
understanding the feedback effect from central AGN that
may affect the star-formation activity in the host galaxy.
Several intrinsic physical properties, as well as geometrical
factors, which affect the probability of detecting Hi absorp-
tion, have been discussed in the literature. These factors in-
clude the size of radio structure, radio power, central AGN
characteristics and properties of host galaxy interstellar
medium (please see recent review by Morganti & Oosterloo
2018).
In an earlier paper, we explored the dependence of Hi
absorption properties of the sources on HERGs/LERGs and
hence on the accretion mode, source size, and nature of
the host galaxy as reflected by the WISE infrared colours
(Chandola & Saikia 2017). We considered the sample of
100 sources observed uniformly by Gere´b et al. (2015) and
the classification into high-excitation and low-excitation ra-
dio galaxies done by Best & Heckman (2012b). We found
Hi detection rates have a significant dependence on WISE
W2−W3 colours with those with W2−W3 > 2 and compact
radio structures having detection rates∼70 per cent. We also
found a trend, which shows HERGs have higher Hi absorp-
tion detection rates as compared to LERGs as most of them
are with W2−W3 >2. However, for all HERGs and LERGs
with W2−W3 >2, there was no significant difference in their
detection rates. We also reported a trend that Hi absorption
lines associated with HERGs have a narrower range in shift
with respect to the velocity corresponding to the red-shift
derived from optical emission lines as compared to LERGs.
Our study was limited by a small number of 11 HERGs
because this low and intermediate radio-power (P1.4GHz ∼
1023-1026 WHz−1) sample was dominated by LERGs. In this
paper, we extend our study to a larger number of low- and
intermediate-luminosity HERGs from our observations with
the Giant Metrewave Radio Telescope (GMRT). In addition,
MNRAS 000, 1–19 (2019)
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Figure 1. Left: O[III] equivalent width versus excitation index (for 211 sources with all six emission lines used to cal-
culate excitation index). The “excitation index” has been defined by Buttiglione et al. (2010) as EI = log10([OIII]/Hβ) −
1
3
[log10([NII]/Hα) + log10([SII]/Hα) + log10([OI]/Hα)]. Compact and extended HERGs are shown with blue and green circles respec-
tively, while compact, extended and structurally unclassified LERGs are shown with violet, red and black colored squares respectively.
Unclassified sources are shown as grey downward triangles. Sources observed with the GMRT are shown with larger symbols with darker
shades. Smaller symbols with lighter shades represent sources from Maccagni et al. (2017). While the horizontal line is for O [III] equiva-
lent width = 5 A˚, the vertical line depicts EI = 0.95. Right: log O [III]/Hβ versus log N [II]/Hα for 238 sources which have the required
spectral information. While the dashed blue curve is the Kauffmann et al. (2003) dividing line between star-forming (SF) and composite
(SF+AGN) galaxies, the solid green curve shows the Kewley et al. (2001, 2006) dividing line between AGNs and composite galaxies.
Symbols have the same meaning as in the left plot.
we also consider sources from the literature to compare with
LERGs, to explore differences in the kinematics of Hi gas in
the hosts of these two types of AGNs.
This paper is organized as follows. In Section 2, we de-
scribe the sample. In Section 3, we explain the observational
details and data reduction method. In Section 4, we report
the results from our study and discuss these in the Section
5. We summarise our findings in section 6. In this paper,
we adopt a cosmological model with Ho=70 km s
−1 Mpc−1,
Ωm=0.3 and ΩΛ=0.7. WISE colours in this paper are in
Vega magnitude.
2 SAMPLE
From the sample of radio AGNs compiled by
Best & Heckman (2012a,b) using the SDSS optical
spectroscopic data (DR7; Abazajian et al. 2009) and the
Faint Images of the Radio Sky at Twenty Centimeters
survey (FIRST; Becker et al. 1995) and NRAO VLA Sky
Survey (NVSS; Condon et al. 1998), we compiled a sample
for Hi absorption observations, which satisfy the following
criteria: S(1400 MHz) > 80 mJy, redshift z<0.2, WISE
colour W2−W3 > 2 and classified as either a LERG or
HERG. WISE colour W2−W3 > 2 selection was done in
order to increase the chances of Hi absorption detection.
This resulted in a sample of 71 sources, of which 29
were HERGs and 42 LERGs. With the allocated time
we observed 30 sources with the Giant Metrewave Radio
Telescope (GMRT). Of these 30, 3 were found later to have
significant redshift uncertainties and have not been used in
this analysis. Of the remaining 27 sources listed in Table 1,
12 have been classified as LERGs and 15 as HERGs by
Best & Heckman (2012b). Of these 27, 7 sources, 4 LERGs
and 3 HERGs, have baseline ripples in the spectra, and are
not used in our final analysis (also see Section 4).
In addition to the sources observed with the GMRT, we
also considered 219 radio AGNs from a larger sample stud-
ied in Hi absorption by Maccagni et al. (2017) using Wester-
bork Synthesis Radio Telescope (WSRT) and common with
the sample of Best & Heckman (2012b) for this study. Of
these 219 radio AGNs, 189 are classified as LERGs and 15
as HERGs by Best & Heckman (2012b) while the remain-
ing 15 are unclassified. In this sample, 5 sources, all LERGs,
(J0816+3804, J0906+4636, J1400+5216, J1435+5051 and
J1447+4047) are common with our GMRT observed sample
in Table 1. By combining the two samples, we have now a
sample of 241 low- and intermediate- radio power (P1.4GHz ∼
1022.5-1026.2 WHz−1) AGNs, which include 196 LERGs and
30 HERGs, to study the Hi absorption properties. Of these
241 sources, we have shown in Fig. 1 the classification of 211
radio AGNs by Best & Heckman (2012b) in O[iii] equiva-
lent width vs. excitation index plot and 238 radio AGNs
in BPT (Baldwin et al. 1981) diagram using the SDSS spec-
tral line catalog data 1 from Max Planck Institute for Astro-
physics and John Hopkins University group (hereafter MPA-
JHU;Brinchmann et al. 2004). The remaining three sources,
J1030+4113, J1325+4920 and J1516+2919, have no detec-
tion of Hα emission line in SDSS DR7 and hence not shown
in these plots. Of these 3, J1030+4113 and J1325+4920 are
LERGs while J1516+2919 is unclassified.
Of the five sources which are in common, all of which
are LERGs, J0816+3804, J1400+5216 and J1447+4047 are
undetected in both our GMRT observations as well as in
the sample of Maccagni et al. (2017). The present obser-
vations of J0906+4636 were affected by a bandpass ripple
while earlier Chandola et al. (2011) reported a detection
and Gere´b et al. (2015) a non-detection. For the fifth source
J1435+5051 both Chandola et al. (2011) and the present
1 http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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Table 1. Radio sources observed with the GMRT.
(1) (2) (3) (4) (5) (6) (7) (8)
Source name R.A. (J2000) Dec (J2000) Redshift LERG/HERG C/E Radio spectral class† log P1.4GHz
∗
W Hz−1
J0028+0055 00:28:33.454 +00:55:10.95 0.10429 LERG C CSS 24.63
J0813+0734 08:13:23.752 +07:34:05.69 0.11239 LERG C CSS 25.26
J0816+3804 08:16:01.822 +38:04:14.30 0.17275 LERG E – 25.26
J0832+1832 08:32:16.042 +18:32:12.08 0.15411 HERG C GPS/CFS? 25.64
J0853+0927 08:53:23.429 +09:27:44.33 0.11569 HERG C CFS 24.52
J0906+4636 09:06:15.544 +46:36:19.04 0.0847 LERG C CFS 24.70
J0912+5320 09:12:01.404 +53:20:35.36 0.10173 HERG C CFS 24.45
J1056+1419 10:56:38.839 +14:19:30.39 0.08127 LERG C CSS 24.43
J1058+5628 10:58:37.724 +56:28:11.26 0.14324 LERG C CFS 25.12
J1107+1825 11:07:01.191 +18:25:48.80 0.17856 HERG C CSS 25.04
J1110+2131 11:10:20.462 +21:31:45.82 0.13461 HERG C CSS 25.06
J1156+2632 11:56:54.672 +26:32:32.38 0.15625 HERG C CFS 24.69
J1217−0337 12:17:55.297 −03:37:23.16 0.18229 HERG E – 25.23
J1328+1738 13:28:59.269 +17:38:42.31 0.18035 HERG C CFS 25.19
J1341+5344 13:41:34.847 +53:44:43.82 0.14094 HERG E – 25.70
J1350+0940 13:50:22.142 +09:40:10.64 0.13255 LERG C GPS/CFS? 24.98
J1352-0156 13:52:23.470 −01:56:48.32 0.16694 HERG E – 25.56
J1400+5216 14:00:51.581 +52:16:06.55 0.11789 LERG C CSS 24.74
J1410+1438 14:10:28.055 +14:38:40.22 0.14419 LERG E – 25.34
J1435+5051 14:35:21.664 +50:51:22.16 0.09969 LERG C CFS 24.51
J1447+4047 14:47:12.766 +40:47:45.02 0.19515 LERG E – 25.58
J1449+4221 14:49:20.710 +42:21:01.39 0.17862 HERG C CFS 24.93
J1534+2330 15:34:57.247 +23:30:11.48 0.0184 LERG C CFS 23.40
J1538+5525 15:38:36.083 +55:25:41.39 0.19117 HERG C CSS 25.32
J1543+0235 15:43:17.401 +02:35:52.04 0.18793 HERG E – 25.58
J1559+5330 15:59:27.661 +53:30:53.52 0.17918 HERG C CSS 25.09
J2133−0712 21:33:33.322 −07:12:49.30 0.08654 HERG C CSS 24.54
Column 1: source name; column 2: right ascension (J2000); column 3: declination (J2000); column 4; redshift; column 5: LERG and
HERG classification based on Best & Heckman (2012b); column 6: radio structural classification as compact (C) and extended (E),
sources with . 20 kpc in linear projected sizes are classified as compact and larger ones as extended; column 7: radio spectral class;
column 8: logarithm of luminosity at 1.4 GHz in units of W Hz−1.
†: Using the radio flux densities obtained from ViZieR photometry viewer (http://vizier.u-strasbg.fr/vizier/sed/). CFS: Compact
Flat Spectrum; CSS: Compact Steep Spectrum; GPS: Gigahertz Peaked Spectrum. Sources with spectral index (α) ≤ 0.5 are classified
as flat spectrum sources while sources with α > 0.5 are classified as steep spectrum sources, where Sν ∝ ν−α.
∗: Using integrated flux densities listed in Table 3.
Table 2. Observational details of the search for associated Hi absorption.
(1) (2) (3) (4) (5) (6)
Source name Ob. frequency (MHz) Flux Cal. Phase Cal. Ob. Date Hours
J0028+0055 1286.26 3C48 0022+002 November 10, 2016 4
J0813+0734 1276.90 3C147 0745+101 November 11, 2016 3
J0816+3804 1211.18 3C48,3C147 0741+312 November 12, 2016 4
J0832+1832 1230.74 3C147 0842+185 May 15, 2016 3
J0853+0927 1273.12 3C48, 3C286 0842+185 November 01, 2016 6
J0906+4636 1309.49 3C147 0713+438 December 09, 2016 4
J0912+5320 1289.25 3C147 0614+607 November 02, 2016 5
J1056+1419 1313.65 3C147, 3C286 1120+143 December 02, 2016 4
J1058+5628 1242.44 3C147 1035+564 December 02, 2016 4
J1107+1825 1205.20 3C48 1120+143 May 29, 2016 4
J1110+2131 1251.89 3C286 1120+143 July 31, 2016 3
J1156+2632 1228.46 3C286 1221+282 November 13, 2016 6
J1217−0337 1201.40 3C147, 3C286 1150−003 July 09, 2016 4
J1328+1738 1203.38 3C286 1347+122 December 18, 2016 5
J1341+5344 1244.94 3C286 1400+621 November 13, 2016 3
J1350+0940 1254.17 3C286 1445+099 November 15, 2016 3
J1352−0156 1217.21 3C286 1445+099 July 09, 2016 3
J1400+5216 1270.61 3C147, 3C286 1400+621 November 12, 2016 4
J1410+1438 1241.41 3C286 1445+099 November 14, 2016 3
J1435+5051 1291.64 3C286 1438+621 December 17, 2016 4
J1447+4047 1188.47 3C286 1602+334 December 18, 2016 3
J1449+4221 1205.14 3C286 1602+334 September 01, 2016 4
J1534+2330 1394.74 3C286 1609+266 December 20,2016 3
J1538+5525 1192.46 3C286 1438+621 July 09, 2016 4
J1543+0235 1195.70 3C286 1445+099 June 06, 2016 3
J1559+5330 1204.57 3C286 1438+621 June 16-17, 2016 4
J2133−0712 1307.27 3C48 2136+006 May 13, 2016 4
Column 1: source name; column 2: central line frequency used for observation in MHz; column 3: flux density/bandpass calibrator;
column 4: Phase calibrator; column 5: date of observation; column 6: total observation time in hours.
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Table 3. Results of the search for associated Hi absorption.
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
Source Vel. res. Beam size Sint Speak ∆Srms τrms
∫
τ dv N(Hi) No. Velo. FWHM τpeak
name Gauss shift
km s−1 ′′× ′′, P.A. (◦) mJy mJy/b mJy/b km s−1 1020 cm−2 km s−1 km s−1
J0028+0055 7.67 2.69×2.23, 80.56 183.9 124.1 1.09 0.009 <1.2 <2.1 0
J0813+0734 7.74 2.63×1.68, 57.89 676.6 547.3 – – – – –
J0816+3804 8.18 2.60×1.55, 25.40 277.8 21.6 3.51 0.166 <22.8 < 41.5 0
J0832+1832 8.02 2.35×1.64, 67.88 823.0 758.4 – – – – –
J0853+0927 7.73 2.08×1.55, 51.98 111.7 101.4 1.34 0.01 10.5±0.8 19.0±1.4 1 −351.1±40.1 144.2±68.5 0.022±0.005
2 −206.2±15.9 132.9±25.9 0.050±0.007
J0906+4636 8.19 2.91×1.82, 38.67 312.8 308.6 – – – – –
J0912+5320 7.65 2.82×1.67, 67.77 121.2 121.7 1.15 0.009 1.8±0.3 3.4±0.5 1 25.6±3.2 41.2±7.4 0.042±0.007
J1056+1419 7.5 2.40×1.72, 59.33 185.8 166.7 2.04 0.012 7.0±0.8 12.8±1.4 1 −2.7±6.0 161.9±15.0 0.036±0.003
2 158.2±4.0 32.3±9.6 0.024±0.006
J1058+5628 7.9 3.22×1.57, 66.09 270.7 260.5 – – – – –
J1107+1825 8.19 2.79×1.84, 89.97 156.4 128.6 – – – – –
J1110+2131 7.91 2.22×2.05, 27.99 285.5 270.6 1.18 0.004 <0.6 <1.1 0
J1156+2632 8.0 2.15×1.72, −87.73 86.35 84.8 1.27 0.015 <2.0 <3.7 0
J1217−0337 8.23 2.48×2.15, −5.39 235.8 159.8 1.52 0.01 <1.3 <2.4 0
J1328+1738 8.19 2.21×1.71, 77.22 205.4 193.1 1.76 0.009 <1.3 <2.4 0
J1341+5344 7.92 3.34×1.69, 63.5 1260.2 14.1 1.69 0.124 <16.7 <30.4 0
J1350+0940 7.85 2.85×1.88, 86.04 239.2 235.9 – – – – –
J1352−0156 8.15 3.44×1.96, 54.12 616.0 361.2 1.63 0.005 5.8±0.4 10.6±0.7 1 44.0±13.9 299.6±27.8 0.013±0.001
2 146.4±1.3 38.5±1.5 0.041±0.003
J1400+5216 7.76 3.08×1.36, 54.79 179.3 166.6 2.82 0.017 <2.3 <4.1 0
J1410+1438 7.96 3.74×1.93, 87.42 480.4 125.6 1.31 0.01 <1.4 <2.6 0
J1435+5051 7.65 2.77×1.61, 55.47 147.3 147.0 1.15 0.008 <1.0 <1.9 0
J1447+4047 8.3 2.48×1.84, 19.73 456.7 44.5 1.35 0.031 <4.2 <7.7 0
J1449+4221 8.2 2.57×2.27, −63.0 111.0 111.2 1.33 0.012 <1.7 <3.0 0
J1534+2330 7.06 2.55×1.81, 69.46 349.3 277.1 1.21 0.004 89.4±0.5 163.0±0.9 1 −325.9±14.3 139.3±25.3 0.024±0.003
2 −219.5±3.9 85.8±11.5 0.046±0.008
3 −97.4±0.7 24.8±2.0 0.057±0.004
4 −65.4±1.6 255.6±6.5 0.285±0.002
5 77.0±0.8 17.8±2.0 0.045±0.004
6 156.0±11.8 121.2±27.6 0.014±0.003
J1538+5525 8.23 3.06×1.82, 44.2 259.6 182.4 0.84 0.005 2.0±0.3 3.6±0.6 1 −105.3±2.3 18.3±5.9 0.021±0.006
2 −48.8±23.0 186.0±48.4 0.008±0.002
J1543+0235 8.28 3.12×2.35, −82.92 495.2 297.2 – – – – –
J1559+5330 8.21 3.22×1.64, 11.53 177.7 168.2 3.06 0.01 <1.4 <2.6 0
J2133−0712 14.85 2.59×2.11, 37.1 213.7 211.3 0.64 0.003 5.5±0.1 10.1±0.3 1 50.6±0.5 51.8±1.2 0.119±0.002
Column 1: source name; column 2: velocity resolution; column 3: spatial resolution in arcseconds and position angle (P.A.) in degrees; column 4: integrated flux density in mJy; column 5: Peak flux density in
mJy/beam for the continuum image made using line free channels; column 6: r.m.s.in line free channels; column 7: r.m.s in optical depth for line free channels ; column 8: Integrated optical depth, and column 9:
Hi column density in units of 1020 cm−2, assuming Ts=100 K and a covering factor, fc of unity; upper limits are 3σ values, assuming FWHM ∆v=100 km s
−1; column 10: No. of Gaussian component; columns
11 to 13: fit parameters of Gaussian profiles, velocity shift w.r.t. systemic velocity, Full Width Half Maximum and peak optical depth.
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GMRT observations do not find a detection from two inde-
pendent observations, while Maccagni et al. (2017) report
a detection from a somewhat noisier spectrum compared
with most of their sources. Therefore while considering the
Maccagni et al. (2017) and GMRT samples separately we
have adopted the results for these two sources as reported
by the authors in the respective samples, but have left them
out from the combined sample. A further set of observations
is required to clarify the discrepancy in the two sources.
This does not at all affect the results presented in this pa-
per. Hence, for Hi analysis, after excluding these two sources
and 6 other sources affected by radio frequency interference
(RFI) or baseline ripples in our GMRT sample, we have
233 radio sources including 191 LERGs and 27 HERGs for
combined sample. The remaining 15 are unclassified as men-
tioned earlier. This sample henceforth be referred to as the
‘combined sample ’. In this sample, we have around two and
a half times the number of LERGs (80) and HERGs (11)
compared to our previous work (Chandola & Saikia 2017),
which help us to understand the Hi absorption properties
in both types of AGNs better. However, while giving Hi
statistics separately for Maccagni et al. (2017) and GMRT
observed samples, we use 219 sources from their sample, and
all 20 sources with good spectra from the GMRT observed
sample.
3 OBSERVATION AND DATA REDUCTION
Hi 21cm absorption experiments were done towards these
sources with the GMRT during May-December 2016. Dur-
ing these observations, the GMRT full array was used in
total intensity mode and base-band bandwidth of 16 MHz
divided into 512 channels (except for J2133-0712 where 256
channels were used). This resulted in velocity spectral reso-
lution of ∼8 km s−1, except for J2133-0712 where it is ∼15
km s−1. Observational details for these sources are listed in
Table 2. After every 40 minutes of observing time on the
target source, phase calibrator was observed for 5 minutes.
Flux density or bandpass calibrators were observed for 10-15
minutes after every 3-4 hours of observations.
Data were reduced mainly using the NRAO AIPS pack-
age. Initially, data reduction was done for a single channel.
Bad data due to RFI and bad antennas were flagged before
any calibration using TVFLG, UVFLG. Phase and gain cal-
ibration solutions and bandpass calibration solutions were
determined using the task CALIB and the task BPASS re-
spectively. Bad data were iteratively flagged until satisfac-
tory gain solutions were obtained. Then the target source
data were split from the multi-source data cube after ap-
plying the bandpass and gain solutions. The target source
data were examined and bad data flagged before imaging us-
ing the task IMAGR. After a few rounds of self-calibration,
RFI was removed from the spectral line uv datacube using
RFI removing software AOFLAGGER (Offringa 2010), ex-
cept for extended sources where it was done manually using
AIPS task SPFLG. Next, the final continuum images were
made from line free channels. The continuum data were then
subtracted from the spectral line uv datacube using tasks
UVSUB and UVLIN. Task CVEL was used to correct for
the motion of the Earth’s rotation. Finally, the Hi absorp-
tion spectra were extracted from the Hi dirty image cube
against the pixels corresponding to the peak flux densities
towards the central regions of target source images.
4 RESULTS
In this Section, we report Hi absorption properties of our
sample. Of the 27 sources, we have obtained reliable spec-
tra towards 20 sources. Of these 20 sources, we report 7
detections (∼35 % detection rate), of which 6 detections
are new. The Hi absorption profiles and Gaussian fits to
these are shown in Fig. 2. Of the 7 detections, 2 Hi absorp-
tion profiles could be fitted with a single Gaussian compo-
nent, 4 Hi absorption profiles with two Gaussian compo-
nents and one, J1534+2330, with 6 Gaussian components.
Hi absorption towards J1534+2330 or Arp 220 has been also
reported in earlier studies (Mirabel 1982; Garwood et al.
1987; Mundell et al. 2001; Allison et al. 2014). Hi absorp-
tion towards Arp 220 is due to two counterrotating Hi disks
and bridge of gas connecting them (Mundell et al. 2001).
We have listed the Gaussian parameters from Hi absorp-
tion profiles and values of column densities in Table 3. Hi
profiles towards 13 sources with non-detection are shown in
Fig. 3. Of the 27 sources, 7 have been affected with rip-
ples (Fig. 4) and are not included in our analysis. We have
also written notes on individual sources in the Appendix.
While Gaussian models of Hi absorption profiles are used to
parameterize the physical conditions and individual compo-
nents in these absorbers, we also obtain Busy fit parameters
(Westmeier et al. 2014) to describe the average character-
istics of the profiles. The Busy fit parameters are listed in
Table 4. For single component Hi absorption profiles, there
is no significant difference in velocities for the Gaussian com-
ponent and centroid of Busy function relative to optical sys-
temic velocity. However, in case of multiple components, cen-
troid velocity of Busy function relative to optical systemic
velocity may miss extreme redshifted or blueshifted compo-
nents. For example, in case of J1534+2330, the velocity at
the centroid of Busy function relative to optical redshift is
∼ −78 km s−1 but the Gaussian component with maximum
blueshift has a velocity of ∼ −326 km s−1 relative to opti-
cal systemic velocity. Hence for our analysis, in order to get
an idea of extreme blueshifted velocity from Busy function,
we estimated the blueshifted velocity at FW20 relative to
optical systemic velocity as, −VFW20 = Vcentroid− FW20/2,
where Vcentroid and FW20 are the velocity at centroid rela-
tive to optical systemic velocity and full width at twenty per
cent of maximum in km s−1, respectively. We mark both,
Vcentroid and −VFW20 with green and blue dashed vertical
lines respectively in Fig 2.
Optical depths (τ ) have been estimated from the line-
to-continuum ratio by using the equation
τ = −ln(1−
∆I
fcIc
), (1)
where ∆I is the absorbed flux density, Ic is the contin-
uum flux density and fc is the fraction of the background
source covered by absorbing gas. We have assumed fc =1 for
our calculations. The r.m.s noise on τ as a function of the
peak flux density for our GMRT sample and Maccagni et al.
MNRAS 000, 1–19
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Figure 2. Hi absorption profiles towards brightest pixel in sources detected with Hi absorption. X-axes show velocity shift w.r.t. optical
systemic velocity and Y-axes show optical depth. Zero represent the optical systemic velocity corresponding to optical redshift. Gaussian
profile fit to the profiles are shown with red colour lines, where individual components are shown with blue colour dashed lines. Residuals
from fit are shown at the bottom panels of each plot. Error bars in red colour at the bottom of each plot show the error in optical
redshift. Green and blue dashed vertical lines show position of Vcentroid and −VFW20 respectively for Busy function fit.
(2017) sample2 is shown in Fig 5 top panel. Since most of
the sources in our sample have peak flux density > 100
mJy and in their sample < 100 mJy, the median value of
τ r.m.s. achieved from our GMRT observation is 0.009 per
channel as compared to 0.015 per channel for the WSRT
sample. However, for a similar range of peak flux densi-
ties in both the samples (Speak = 90-300 mJy/beam) where
most (15/20) of our sources are located, our observations
are slightly less sensitive (median τrms = 0.009) than those
of Maccagni et al. (2017) (median τrms = 0.007). It is also
to be noted that median velocity spectral resolution for our
GMRT sample is ∼ 7.9 km s−1 as compared to ∼16 km s−1
in the Maccagni et al. (2017) sample.
2 We used FIRST peak flux densities to estimate the optical
depth for Maccagni et al. (2017) sample.
4.1 Integrated optical depth and column densities
Integrated optical depths are calculated using equation∫
τdv = 1.064 × τpeak × FWHM, (2)
for a Gaussian profile. FWHM and τpeak are full width at
half maximum and peak optical depth, respectively obtained
from the Gaussian fits. The error on integrated optical depth
is estimated as τrms× δv×
√
FWZI/δv, where δv, τrms and
FWZI are velocity resolution in km s−1, rms noise on optical
depth and full width at zero intensity, respectively. We have
assumed FWZI for Gaussian profiles to be 6σ i.e. 2.547×
FWHM. We also estimated 3σ upper limits for the non-
detections by assuming a Gaussian profile with FWHM =
100 km s−1 and using
∫
τdv = 3× τrms × δv ×
√
2.547 × FWHM/δv. (3)
For a range of similar peak flux densities (90-300
mJy/beam) in both samples, median integrated optical
MNRAS 000, 1–19 (2019)
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Figure 3. Hi absorption profiles towards brightest pixel in sources not detected with Hi absorption. X-axes show velocity shift w.r.t.
optical systemic velocity and Y-axes show optical depth. Zero represent the optical systemic velocity corresponding to optical redshift.
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Figure 4. Hi absorption profiles towards brightest pixel in sources affected with ripples. X-axes show velocity shift w.r.t. optical systemic
velocity and Y-axes show optical depth. Zero represent the optical systemic velocity corresponding to optical redshift.
depth estimated for detections is 7.0 km s−1, and for the
non-detections the median value for the 3σ upper limit is
1.3 km s−1 for the GMRT sample. The corresponding val-
ues for the Maccagni et al. (2017) sample are 6.0 km s−1
and 1.2 km s−1 respectively (Fig 5 bottom).
We also estimated the Hi column densities and up-
per limits using equations (2) and (3) in the equation
(Wolfe & Burbidge 1975),
N(Hi) = 1.823 × 1018Ts
∫
τdv, (4)
where Ts is the spin temperature. We assume Ts = 100 K.
The median column density for Hi absorption detection from
GMRT sample is estimated to be 10.6 ×1020 cm−2. The
median 3σ upper limit for Hi absorption non-detections on
column density is estimated to be 2.6 ×1020 cm−2. The cor-
responding values for the Maccagni et al. (2017) sample are
16.4 ×1020 cm−2 and 3.5 ×1020 cm−2, respectively.
In the combined GMRT and Maccagni et al. (2017)
sample, the median integrated optical depths for Hi detec-
tions are 8.7 km s−1 and 5.7 km s−1 for LERGs and HERGs
respectively. The corresponding median column densities are
15.9 ×1020 cm−2 and 10.4 ×1020 cm−2 for LERGs and
HERGs respectively.
4.2 Detection rates
In this subsection, we present the detection rates of radio
AGNs according to their classification based on accretion
modes, WISE colours, and radio properties such as radio
power and structures. We have estimated the errors on de-
tection rates using small number Poisson statistics (Gehrels
1986). We have also given detection rates for different cat-
egories of objects in Table 5. In Fig. 6, we have shown the
distribution of WISE colour W1−W2 vs. W2−W3 and ra-
dio luminosity at 1.4 GHz vs. W2−W3 for the combined
sample. Detections are shown with filled symbols while non-
detections with empty symbols.
While considering the 219 sources in the sample of
Maccagni et al. (2017), which are common with that of
Best & Heckman (2012b), those with W2−W3>2 have a
higher detection rate than those with W2−W3<2, the val-
ues being 50.0+10.1−8.7 and 13.1
+3.6
−2.9 per cent respectively. The
percentages do not change significantly if we exclude the 15
MNRAS 000, 1–19 (2019)
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Figure 5. Top: Optical depth r.m.s vs peak flux density. 20
sources from the GMRT observations with good spectra are shown
with green circles. Grey coloured squares depict 219 sources from
Maccagni et al. (2017). Detections are shown with filled symbols
and non-detection with empty symbols. Bottom: Integrated op-
tical depth vs peak flux density. Empty symbols are 3-σ upper
limits on integrated optical depth while filled symbols are esti-
mated values from detections.
sources, which were unclassified as either LERGs or HERGs
by Best & Heckman (2012b). This is consistent with our ear-
lier work that the radio AGNs with WISE colour W2−W3
>2, irrespective of their accretion mode and structure, have
significantly higher Hi absorption detection rate than those
with W2−W3 <2 (Chandola & Saikia 2017).
If we consider only compact sources with W2−W3 >2
classified as either LERG or HERG in Maccagni et al. (2017)
sample, Hi absorption detection rate is 21/36 (58.3+15.7−12.6
per cent) compared to the detection rate of 5/18 (27.8+18.8−12.0
percent) for extended sources. They have classified sources
in their sample as extended and compact using ratios of
FIRST peak to integrated flux density and major to mi-
nor axis in NVSS images following the criterion used by
Gere´b et al. (2015). In our sample of 20 sources, which were
chosen on the basis of their WISE colour W2−W3>2 and
have good spectra in our GMRT observations, the detection
rates are 42.9+25.6−17.0 per cent if we consider only the com-
pact sources with linear projected size less than 20 kpc,
and 1/6 (16.7+38.3−13.8 percent) if we consider only the extended
sources with their linear projected sizes greater than 20 kpc.
The higher detection rate for those with W2−W3 >2 and
compact radio structure is consistent with Maccagni et al.
(2017) sample, within a difference of 1-σ.
The sample observed with the GMRT, shown with
larger symbols in Fig. 6, all with WISE colour W2−W3>2,
has Hi absorption detection rates of 2/8 (25.0+33.0−16.2 per cent)
and 5/12 (41.7+28.2−18.0 per cent) for LERGs and HERGs respec-
tively (also see Table 5). Since detection rates have also de-
pendence on structures, we now consider detection rates for
LERGs and HERGs with only compact structures andWISE
colour W2−W3>2. The detection rates are 2/5 (40.0+52.8−25.8
per cent) and 4/9 (44.4+35.1−21.3 per cent) for LERGs and
HERGs respectively. This shows for similar radio structure
and WISE colour W2−W3>2, detection rates for LERGs
and HERGs are similar. However for Maccagni et al. (2017)
sample, shown with smaller symbols, detection rates irre-
spective of their WISE colours and structures are 41/189
(21.7+3.9−3.4 per cent) for LERGs and 5/15 (33.3
+22.5
−14.4 per cent)
for HERGs. For sources with W2−W3 >2 in their sample,
Hi absorption detection rates are 21/42 (50.0+13.5−10.8 per cent)
and 5/12 (41.7+28.2−18.0 per cent) for LERGs and HERGs respec-
tively. Further limiting their sample to the compact sources
and W2−W3>2, the detection rates are 18/31 (58.1+17.2−13.5 per
cent) and 3/5 (60.0+58.4−32.7 percent) for LERGs and HERGs re-
spectively. This again shows that for similar radio structure
and WISE colour, there is no difference in detection rates
of LERGs and HERGs, albeit within a difference of 1σ in
detection rate between our sample and the Maccagni et al.
(2017) sample.
We also checked dependence of detection rates on ra-
dio luminosities. Higher radio luminosities may increase
the population of hydrogen atoms with the higher spin
energy level, and hence increasing the spin temperature.
For the combined sample, the median radio luminosity at
1.4 GHz is 1024.3 W Hz−1. We classify those below this
value as low radio power sources and those above as in-
termediate radio power sources. According to their WISE
W2−W3 colour and radio power, we divide 219 sources in
the Maccagni et al. (2017) sample into four categories, (a)
low radio power and W2−W3<2, (b) low radio power and
W2−W3>2, (c) intermediate radio power and W2−W3<2
and (d) intermediate radio power and W2−W3>2. The
detection percentages for these categories are 13.5+5.1−4.5,
55.6+18.4−14.2, 12.5
+6.2
−4.3 and 46.2
+13.6
−10.8 showing the dependence on
W2−W3 colour but no significant dependence on radio lu-
minosity. Since radio structure have also significant effect,
we repeat the same exercise by limiting the radio struc-
tures to compact ones. We find the detection percentages
for compact radio sources in Maccagni et al. (2017) sam-
ple for above categories are 13.0+7.8−5.2 , 47.4
+21.6
−15.5, 19.2
+13.0
−8.3 ,
58.3+20.1−15.4 respectively. Most of the sources (19/20) in our
GMRT sample with good spectra are located in category of
intermediate radio power with W2−W3>2 and have detec-
tion rate of 31.6+18.9−12.5 per cent. If limited to compact radio
structure, the detection rate increases to 38.5+26.0−16.6 , within
1-σ difference with Maccagni et al. (2017).
4.3 Kinematics
In order to see differences in the Hi absorption profiles of two
types of AGNs, we compare the parameters obtained from
fitting the Busy function to the profiles such as FW20 (Full
Width at 20 percent of peak), −VFW20 (extreme blueshifted
velocity relative to optical systemic velocity) and Vcentroid
(centroid shift relative to optical systemic velocity) in Fig. 7
and Fig. 8. We notice that there is no significant difference
in the distribution of FW20 for Hi profiles from HERGs and
LERGs. However, for the HERGs, of the 10 systems only one
(10+23.0−8.3 per cent) has a shift in the centroid w.r.t. optical
MNRAS 000, 1–19 (2019)
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Table 4. Results of Busy Function fit to the Hi absorption profiles
(1) (2) (3) (4) (5) (6) (7)
Source Vcentroid τpeak FWHM FW20 −VFW20
∫
τ dv
name km s−1 km s−1 km s−1 km s−1 km s−1
J0853+0927 −258.5±10.0 0.049±0.003 201.2±20.8 317.3±22.1 −417.2±14.9 10.5±0.6
J0912+5320 43.7±11.8 0.039±0.006 51.2±12.0 92.9±16.6 −2.7±14.4 2.4±0.4
J1056+1419 16.3±15.0 0.035±0.004 183.7±28.0 290.2±34.4 −128.8±22.8 7.0±0.7
J1352-0156 63.8±6.4 0.049±0.003 49.4±4.9 206.7±27.7 −39.6±15.3 5.2±0.3
J1534+2330 −77.7±0.7 0.290±0.001 287.7±1.1 443.3±1.6 −299.3±1.1 89.6±0.3
J1538+5525 −36.4±21.6 0.014±0.002 118.1±33.7 221.4±41.03 −147.1±29.8 2.0±0.3
J2133−0712 51.2±0.6 0.117±0.003 53.6±1.6 78.2±1.7 12.1±1.0 6.5±0.1
Column 1: source name; column 2: velocity at centroid relative to the optical systemic velocity in km s−1; column 3: peak optical
depth; column 4: full width at half maximum (FWHM) in km s−1; column 5: full width at twenty percent (FW20) in km s−1; column
6: blueshifted velocity at FW20 relative to the optical systemic velocity in km s−1; column 7: integrated optical depth in km s−1
Table 5. Hi absorption detection rates for different class of objects
LERGs HERGs Unclassified Total
Maccagni et al. (2017) common with Best & Heckman (2012b)
W2−W3 <2 Compact 11/69 0/1 0/2 11/72
Extended 9/ 77 0/2 0/1 9/80
Unclassified 0/1 - - 0/1
Subtotal 20/147 0/3 0/3 20/153
W2−W3 >2 Compact 18/31† 3/5 2/7 22/40
Extended 3/11∗ 2/7 1/1 6/17
Unclassified - - 4/4 4/4
Subtotal 21/42 5/12 7/12 33/66
Total 41/189 5/15 7/15 53/219
GMRT observed sample after excluding those with ripples
W2−W3 >2 Compact 2/5 4/9 - 6/14
Extended 0/3 1/3 - 1/6
Total 2/8 5/12 - 7/20
†: 3 sources common with our GMRT observed sample, including J1435+5051 and J0906+4636.
∗: 2 sources common with our GMRT observed sample.
systemic velocity more than 200 km s−1. For LERGs, Hi
absorption profiles have a wider range (−479 km s−1 to +356
km s−1) of centroid shift values with 9/42 (21.4+9.8−7.0 per cent)
having shifts either towards the blue or red end by more
than 200 km s−1. Most of these LERGs are intermediate
radio power sources. However, for most of the HERGs with
intermediate radio power except J0853+0927, this shift is
less than 200 km s−1. The centroid shift for most of the low
power LERGs and HERGs is less than 200 km s−1, except
for one LERG J1638+2754. We also notice that minimum
of the extreme blueshifted velocities (−VFW20) relative to
optical systemic velocities for LERGs is ∼ −619 km s−1
compared to ∼ −417 km s−1 for HERGs.
5 DISCUSSION
In this Section, we discuss the observed Hi absorption detec-
tion rates and possible effect of AGN feedback on Hi kine-
matics.
5.1 Hi absorption detection rates
As mentioned earlier in the Section 4, we find significant
dependence of Hi absorption detection rates on the radio
structures and WISE colour, which is consistent with our
earlier work (Chandola & Saikia 2017). It has been discussed
in previous papers in the literature that the compact ra-
dio sources allow the observer to see through higher den-
sity regions and have higher covering factor as compared
to the larger radio sources, and hence increasing the detec-
tion rates (Pihlstro¨m et al. 2003; Curran et al. 2013). Also,
a larger fraction of compact radio AGNs compared to ex-
tended ones are known to be residing in the gas rich host
galaxies (Emonts et al. 2010).
WISE late-type galaxies with W2−W3 > 2
(Sadler et al. 2014) have relatively higher specific
star formation rates than those with W2−W3 <2
(Chandola & Saikia 2017), and hence the dust is heated due
to relatively younger stellar population resulting in redder
WISE W2−W3 colour (Donoso et al. 2012). Hence, these
are relatively younger systems and are expected to have
MNRAS 000, 1–19 (2019)
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Figure 6. WISE W1−W2 colour (top) and luminosity at 1.4
GHz (bottom) vs WISE W2−W3 colour for combined sample
of 233 sources. Symbols mean same as in Fig.1. Filled sym-
bols depict Hi detections while empty symbols depict Hi non-
detections. Histograms depict the WISE W2−W3 colour (top
of both plots), W1−W2 colour (right of top plot) and lumi-
nosity at 1.4 GHz (right of botton plot) distribution of LERGs
and HERGs. Histograms in steps (compact HERG: blue, com-
pact LERG: violet, extended HERG: green, extended LERG:
red) show distribution of both Hi detections and non-detections
while shaded/hatched histograms (compact HERG:blue shade
with right slash hatch, compact LERG: violet shade with circu-
lar hatch, extended HERG: green shade with left slash, extended
LERG: red shade with dotted hatch) show distribution of only
detections. Vertical red coloured dashed lines in both panel mark
W2−W3 =2. In the upper panel, horizontal red dashed line mark
W1−W2=0.8, for mid-IR bright AGNs (Stern et al. 2012). In the
bottom panel, horizontal red coloured line shows the median radio
power (at 1.4 GHz) ∼ 1024.3 W Hz−1.
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Figure 7. Full Width at twenty per cent (top) and luminosity at
1.4 GHz (bottom) vs centroid velocity relative to optical systemic
velocity for 59 detections from combined sample. Symbols mean
same as in Fig.1. Histograms depict the centroid shift (top of
both plots), FW20 (right of top plot) and luminosity at 1.4 GHz
(right of botton plot) distribution of LERGs and HERGs from
only Hi detections (compact HERG:blue shade with right slash
hatch, compact LERG: violet shade with circular hatch, extended
HERG: green shade with left slash, extended LERG: red shade
with dotted hatch). Vertical red coloured dashed lines in both
panel mark Vcentroid = 0 km s
−1. In the bottom panel, horizontal
red coloured line shows the median radio power (at 1.4 GHz) ∼
1024.3 W Hz−1.
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Figure 8. Full Width at twenty per cent (top) and luminosity
at 1.4 GHz (bottom) vs −VFW20 relative to optical systemic ve-
locity for 59 detections from combined sample. Symbols mean
same as in Fig.1. Histograms depict the −VFW20 shift (top of
both plots), FW20 (right of top plot) and luminosity at 1.4 GHz
(right of botton plot) distribution of LERGs and HERGs from
only Hi detections (compact HERG:blue shade with right slash
hatch, compact LERG: violet shade with circular hatch, extended
HERG: green shade with left slash, extended LERG: red shade
with dotted hatch). Vertical red coloured dashed lines in both
panel mark −VFW20 = 0 km s
−1. In the bottom panel, horizon-
tal red coloured line shows the median radio power (at 1.4 GHz)
∼ 1024.3 W Hz−1.
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Figure 9. [Oiii] λ5007 spectral line luminosity versus radio lumi-
nosity at 1.4 GHz for combined sample of 233 sources. Symbols
mean same as in Fig.1. Filled symbols depict Hi detections while
empty symbols depict Hi non-detections.
larger amount of cold gas. Of the 204 sources classified as
either LERGs or HERGs in Maccagni et al. (2017) sample
common with Best & Heckman (2012b), there are 189
LERGs, of which ∼80 per cent have W2−W3<2, while of
the 15 HERGs, ∼ 80 per cent have W2−W3>2. Since the
host galaxies of most of the HERGs areWISE late type
galaxies, this implies sufficient fuel in the form of cold Hi
gas for larger fraction of HERGs compared to LERGs. This
effect of WISE colour along with radio structure is also
reflected in the detection rates of LERGs (22.0+3.9−3.4 per
cent) and HERGs (37.0+15.8−11.5 per cent) for combined GMRT
and Maccagni et al. (2017) sample. However, as mentioned
in the previous Section 4, we find similar Hi detection rate
for WISE late type LERGs and HERGs with compact
radio structure. This implies that the detection of Hi gas
may not necessarily suggest the presence of high excitation
mode AGN. It depends on how the cold gas is transported
to the vicinity of the central engine which in turn depends
on different feeding and feedback mechanisms (Martini
2004). Due to limitations of resolution of our observations
and those of Maccagni et al. (2017), we are not able to put
constraints on precise location of cold Hi gas absorbers, and
hence the mechanism for fuel transport.
5.2 Is cold gas kinematics affected by radio or
optical AGN properties?
Cold gas kinematics of radio AGNs can tell us about the na-
ture of feedback to their host galaxies. Both, radiative winds
from central optical AGN, and radio jets can affect the gas
kinematics in host galaxies. In this section, in order to un-
derstand the effect of both radiation and jet on gas kinemat-
ics, we compare the radio luminosity at 1.4 GHz and [Oiii]
λ5007 line luminosity (using the line fluxes from MPA-JHU
group) for LERGs and HERGs. While radio luminosity at
1.4 GHz can be used as tracer of jet power (Cavagnolo et al.
2010), [Oiii] λ5007 line luminosity can be used as a tracer for
AGN bolometric luminosity (LaMassa et al. 2010). We find
that there exists a weak but significant correlation (Kendall’s
tau=0.4, p=2.4×10−16) between the radio luminosities and
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the [Oiii] λ5007 line luminosities of LERGs (Fig. 9), which
is consistent with earlier studies (Baum & Heckman 1989;
Tadhunter et al. 1998), implying a common source of both
luminosities. A similar correlation is noticed for HERGs but
with higher [Oiii] λ5007 luminosity than LERGs for a par-
ticular value of radio luminosity, which could mean the extra
energy in form of wind driven by radiation from accretion
disk to cause the turbulence in host galaxy. However, in our
sample of radio AGNs, while for low radio power (P1.4GHz
< 1024.3 W Hz−1) LERGs and HERGs, there is almost no
difference in distribution of centroid shifts in the absorption
profiles relative to the systemic velocity, with all but one
within ±200 km s−1, a larger number of intermediate radio
power (P1.4GHz ∼ 10
24.3-1026.0 W Hz−1) LERGs show cen-
troid velocity shifts greater than 200 km s−1 compared to
HERGs. Also the range of centroid velocity shift for LERGs
is wider (-479 km s−1 to +356 km s−1) than HERGs. Al-
though, we have doubled the number of detections com-
pared to our previous analysis (Chandola & Saikia 2017),
the overall number of sources with Hi absorption detections
for HERGs used for kinematic analysis is still small. Hence
there are large statistical uncertainties to draw a firm con-
clusion about Hi gas kinematics in HERGs as a population.
We further discuss possible reasons for lesser centroid
velocity shifts in our sample of HERGs. We first consider
the effect of radiative feedback on the Hi gas kinemat-
ics. In literature, there are examples of HERGs like Mrk
231, where multiphase cold gas outflows are reported to
be driven by wide angle strong radiative winds from AGN
(Feruglio et al. 2015; Alatalo 2015; Morganti et al. 2016).
The radiative winds in HERGs in our sample (LAGN(max.)
∼ 1046 ergs s−1; using the bolometric correction factor
of ∼ 3500 from Heckman et al. 2004 to LO[III](max.) ∼
2×1042 ergs s−1), are capable of driving the galaxy scale
Hi outflows (King et al. 2011; Zubovas & King 2012) of ki-
netic luminosity ∼1042-1043 ergs s−1 as seen in Mrk 231
(Morganti et al. 2016). However, Hi gas outflows like in Mrk
231 are of very shallow optical depth (Morganti et al. 2016),
and hence less likely to be detected with the sensitivity of
our observations. Also, radio jets are the dominant force
which can drive the turbulence in host galaxies of radio
AGNs in this range of luminosities (Mullaney et al. 2013;
Jarvis et al. 2019; Molyneux et al. 2019). However, it de-
pends upon how efficiently the jet couples with different
phases of gas in the ISM. Simulations suggest that the cou-
pling of jet-ISM depends on factors such as jet orientation
(Cielo et al. 2018). Some other simulations suggest young
radio sources with weaker inclined jets and clumpy dense in-
terstellar medium have higher chances of interaction due to
longer periods of confinement, and hence causing the turbu-
lence (Mukherjee et al. 2018a,b). Also, differences in radio
power of AGNs can give rise to the differences in distri-
bution of velocity shifts (Chandola et al. 2011; Gere´b et al.
2015; Chandola & Saikia 2017; Maccagni et al. 2017). While
for the low and intermediate power LERGs, the difference in
distribution of centroid shifts could be attributed to change
in radio power along with jet inclination angle relative to
Hi disk, almost no difference in distribution for low and in-
termediate radio power of HERGs in our sample suggests
radio power may have a lesser role to play in these HERGs.
It is possible that in most of the HERGs in our sample
the jets are well collimated and pierces through the inter-
stellar medium with lesser inclination compared to LERGs
or radio source is too compact to interact efficiently with
ISM. A better picture can be obtained by parsec scale study
of these radio AGNs (Giroletti et al. 2005; Morganti et al.
2019; Jarvis et al. 2019). Also, the number of HERGs used
for kinematic analysis is still small and needs to be increased
from larger more sensitive surveys.
6 CONCLUSION
We summarise our findings as follows.
• We report 7 Hi absorption detections towards radio
AGNs from the GMRT observations, of which 6 are new.
• We find that Hi absorption detection rates have sig-
nificant dependence on WISE W2−W3 colour and radio
structure. This further establishes our results from our ear-
lier study with a much smaller sample (Chandola & Saikia
2017).
• With help of the larger sample than in our previous
study, we are able to put better constraints on Hi absorption
detection rates for LERGs and HERGs. We find that Hi
absorption detection rate for HERGs (37.0+15.8−11.5 per cent) is
higher than for LERGs (22.0+3.9−3.4 per cent), mainly due to
a larger fraction of HERGs being hosted by gas and dust
rich galaxies with younger stellar population compared to
LERGs.
• For similar WISE W2−W3 >2 colour and compact ra-
dio structure, we don’t find a significant difference in detec-
tion rate between LERGs and HERGs implying detection
of Hi gas doesn’t necessarily mean a high accretion mode
AGN. This is also consistent with our previous work.
• We don’t find any significant dependence of Hi absorp-
tion detections rates on radio luminosities.
• We also find that for sources of similar intermedi-
ate radio power, a larger number of LERGs, compared to
HERGs, show Hi absorption profiles with blue or red shift
greater than 200 km s−1 for the centroid velocities relative
to the optical systemic velocities. Also the range of veloc-
ity shift for the LERGs is larger than HERGs. This trend
is consistent with that we have found in our earlier paper
(Chandola & Saikia 2017). Though we have double the num-
ber of detections of HERGs compared to our earlier study,
statistical uncertainities are still large in kinematic analy-
sis. Among the possible reasons for observed distribution of
centroid velocity shifts the important ones are radio source
size, geometry, power, jet collimation and direction. While
radio power along with jet direction may play a role for the
observed difference in distribution of centroid shifts in low-
and intermediate power LERGs, the difference in kinemat-
ics of both types of accretion mode AGNs could be due to
differences in their interaction with the interstellar medium.
This needs to be studied further from parsec scale study of
these objects.
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APPENDIX A: NOTES ON INDIVIDUAL
SOURCES
A1 J0028+0055
J0028+0055 is a LERG (Best & Heckman 2012b) at a red-
shift ∼0.10429, classified as radio loud narrow line Seyfert1
by Berton et al. (2016). It is a compact steep spectrum ra-
dio source. We do not find any evidence of Hi absorption
towards this source.
A2 J0813+0734 (4C 07.22)
J0813+0734 is a compact steep spectrum radio AGN at
z=0.11239 classified as LERG by Best & Heckman (2012b).
The SDSS optical image shows presence of disk like fea-
ture and red coloured nucleus. The Hi spectrum towards this
source is affected by ripples (Fig. 4). Hence, we do not con-
sider in our main analysis. However it is possible that there
is a Hi absorption towards this source near optical systemic
velocity which needs to be checked from observations with
better sensitivity and bandpass stability.
A3 J0816+3804
This is an extended radio source with angular size ∼ 27
′′(linear projected size ∼ 80 kpc). Host galaxy is a bright
cluster galaxy (BCG). This source has been also searched
by Maccagni et al. (2017) earlier for Hi absorption, where
they did not find any Hi. Our result is similar to theirs with
3σ upper limit on integrated optical depth 22.8 km s−1.
A4 J0832+1832
J0832+1832 is a type-2 Seyfert galaxy at a redshift of
0.15411. It is a compact flat spectrum radio source with a
possible turn over at around 400 MHz which has been clas-
sified as HERG by Best & Heckman (2012b). Spectrum to-
wards this source has been affected with ripples and hence,
we do not consider the Hi absorption profile towards this
source for our analysis.
A5 J0853+0927
J0853+0927 is a Seyfert type 2 galaxy (Toba et al. 2014)
classified as HERG by Best & Heckman (2012b) at a red-
shift of 0.11569. This is compact steep spectrum radio source
with continuum spectra steep at higher frequency and show-
ing turn over around 350 MHz. We detect blueshifted Hi
absorption line towards this source with two Gaussian com-
ponents at −206 km s−1 and −351.1 km s−1. The integrated
optical depth is estimated to be 10.5±0.8 km s−1.
A6 J0906+4636
J0906+4636 is a LERG at a redshift of 0.0847
Best & Heckman (2012b). In our earlier work we had re-
ported Hi absorption towards this source (Chandola et al.
2011). However, with the new GMRT observations we are
not able to confirm our earlier result due to baseline rip-
ple and hence do not consider in our analysis. Earlier,
Gere´b et al. (2015) and Maccagni et al. (2017), had reported
a non-detection towards this radio source.
A7 J0912+5320
J0912+5320 is a type-2 Seyfert galaxy at a redshift of
0.10173, with double peaked optical emission lines in SDSS
spectra, classified as HERG by Best & Heckman (2012b).
Radio image obtained by Liu et al. (2018) using Very Large
Baseline Array (VLBA) shows subarcsecond scale structure
consisting three components along north-south direction.
Total angular size from VLBA image is ∼30 mas correspond-
ing to a linear projected size of ∼ 56 parsec. We detect Hi
absorption line towards this source at velocity which is red-
shifted by ∼ 26 km s−1 relative to the optical redshift.
A8 J1056+1419
This source has been reported as a Seyfert-1 type
galaxy at redshift 0.08127 by SIMBAD astronomical
database (Toba et al. 2014), but classified as LERG by
Best & Heckman (2012b). In optical SDSS image, this
source shows signature of merger. We detect Hi absorption
towards this source with two components, one deeper and
broader component near systemic velocity and other shal-
lower, narrower component redshifted by ∼ 158.2 km s−1.
The narrower redshifted component could be due to infalling
gas cloud.
A9 J1058+5628
J1058+5628 is classified as BLLac object by Plotkin et al.
(2008) and LERG by Best & Heckman (2012b). The redshift
of this source in SDSS is 0.14324. This is another source for
which the Hi spectrum has been affected by ripples.
A10 J1107+1825
J1107+1825 is a Seyfert type-1 galaxy at redshift 0.17856. It
has been classified as HERG by Best & Heckman (2012b). It
has also a nearby galaxy with unknown redshift in SDSS op-
tical image. Hi spectrum towards this source is also affected
by ripples.
A11 J1110+2131
J1110+2131 is also a Seyfert type-1 galaxy (Toba et al.
2014) and a compact steep spectrum radio source at a red-
shift of 0.13461 and classified as HERG by Best & Heckman
(2012b). We do not detect Hi absorption towards this source
as well.
A12 J1156+2632
J1156+2632 is Seyfert type-2 galaxy (Toba et al. 2014)
at a redshift of 0.15625. It is classified as HERG by
Best & Heckman (2012b). It is a compact flat spectrum ra-
dio source. We do not detect Hi absorption towards this
radio source.
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A13 J1217-0337
PKS 1215-033 is a HERG at redshift of 0.18229
(Best & Heckman 2012b). This source has resolved struc-
ture with GMRT beam of angular size ∼9.68′′, which corre-
sponds to 29.68 kpc in projected linear size. This source has
not been detected with Hi absorption.
A14 J1328+1738
J1328+1738 is a Seyfert type-1 galaxy (Toba et al. 2014)
classified as HERG by Best & Heckman (2012b). It is lo-
cated at a redshift of 0.18035 and could be classified as com-
pact flat spectrum radio source based on ViZieR radio flux
values. We report a Hi non-detection towards this source.
However, it is possible that there is marginal Hi absorp-
tion towards this source near optical systemic velocity which
needs to be checked from observations with better sensitiv-
ity.
A15 J1341+5344
J1341+5344 is a Seyfert type-2 galaxy (Toba et al.
2014) at a redshift of 0.14094, classified as HERG by
Best & Heckman (2012b). This is an extended radio source
of angular size ∼1.52′which corresponds to a projected linear
size of ∼ 226 kpc. We do not detect Hi absorption towards
the brightest pixel in the central region of this source.
A16 J1350+0940
J1350+0940 is bright cluster galaxy (BCG) (Yuan et al.
2016) at a redshift of 0.13255, classified as Seyfert type-1
galaxy by (Toba et al. 2014). It has been also classified as
LERG by Best & Heckman (2012b). Using radio fluxes ob-
tained from ViZieR, it could classified be as either GPS or
CFS radio source. Hi spectrum towards this source is af-
fected by a broad ripple across the band, and hence not
included in our analysis. It is possible that there is a very
shallow, wide and blueshifted Hi absorption profile towards
this source. This possibility needs to be checked from more
sensitive observation.
A17 J1352-0156
PKS J1352-0156 is a radio galaxy at a redshift of 0.16694,
classified as HERG by Best & Heckman (2012b). It is an in-
termediate radio power AGN (L1.4GHz ∼ 10
26W/Hz). This
source has resolved structure of ∼9′′with GMRT beam of
∼2′′. This corresponds to a projected linear size of ∼26 kpc.
The Hi absorption profile towards this source have two com-
ponents, one narrow and deep, other wide and shallow, both
redshifted w.r.t. the optical emission lines. The wide profile
has full width half maximum of ∼300 km s−1 and is red-
shifted by ∼44 km s−1. Narrower profile is redshifted by
∼146 km s−1 and has FWHM ∼39 km s−1. The peak opti-
cal depths for narrower and broader profiles are 0.041 and
0.013, respectively. Integrated optical depth estimate for this
source is 5.8±0.4 km s−1 which corresponds to a column den-
sity of 10.6±0.7 ×1020 cm−2, if we assume Ts =100 K and
fc=1.
A18 J1400+5216
J1400+5216 is a Low Ionization Nuclear Emission-line Re-
gion (LINER) galaxy at a redshift of 0.11789, classified as
LERG by Best & Heckman (2012b). This source was also
observed by Maccagni et al. (2017) where they report a non-
detection of Hi absorption. We also do not detect Hi ab-
sorption with a upper limit of 2.3 km s−1 on integral optical
depth corresponding to 4.1× 1020 cm−2 for Ts = 100 K and
fc=1.
A19 J1410+1438
J1410+1438 is a BLLac object (D’Abrusco et al. 2014) at a
redshift of 0.14419 classified as LERG by Best & Heckman
(2012b). The radio continuum image suggests this is an ex-
tended radio source with angular size ∼22′′or linear pro-
jected size ∼55 kpc. We do not detect Hi absorption towards
this source as well.
A20 J1435+5051
J1435+5051 is a radio galaxy at a redshift of 0.09969. It is
classified as LERG by Best & Heckman (2012b). This source
was also observed by Maccagni et al. (2017) where they re-
port a detection of Hi absorption with a shift on centroid of
−66.7 km s−1 relative to optical systemic velocity. However,
from our observation we are not able to confirm it, possibly
due to higher noise in our spectra.
A21 J1447+4047
J1447+4047 is a radio galaxy at a redshift of 0.19515 which
has been classified as LERG by Best & Heckman (2012b).
It is an extended radio source with overall angular size of
∼ 14.6′′corresponding to projected linear size of 47.3 kpc.
This source has been also searched for Hi absorption by
Maccagni et al. (2017) with no detection. We also do not
detect Hi absorption towards this source.
A22 J1449+4221
J1449+4047 is a Seyfert type-2, compact flat spectrum ra-
dio source at a redshift of 0.17862 classified as LERG by
Best & Heckman (2012b). We do not detect Hi absorption
towards this radio source.
A23 J1534+2330
J1534+2330 or Arp 220, is a dust rich Ultra-luminous in-
frared galaxy (ULIRG) system of spiral galaxies which has
undergone recent merger at redshift of 0.0184. This source
has been classified as LERG by Best & Heckman (2012b).
We detected Hi absorption profile with multiple compo-
nents towards this source for which the Hi column den-
sity estimate is 163.0±0.9 × 1020 cm−2 for Ts =100 K and
fc =1. Hi absorption towards this source has been detected
in earlier works as well (Mirabel 1982; Garwood et al. 1987;
Mundell et al. 2001; Allison et al. 2014). Mundell et al.
(2001) from their parsec scale study reported absorption
against two continuum nuclei due to two counter rotating
Hi disks and bridge of gas connecting them.
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A24 J1538+5525
J1538+5525 is type-1 Seyfert galaxy at a redshift of 0.19117,
with double peaked narrow optical emission lines detected
in SDSS spectra (Ge et al. 2012). It has been classified as
HERG by Best & Heckman (2012b). It is also a compact
steep spectrum radio source. We detected Hi absorption to-
wards this source where the profile can be fitted with two
Gaussian components, both blueshifted relative to optical
systemic velocity. The narrower and deeper component is
blueshifted by ∼105 km s−1 while broad, shallow compo-
nent is blueshifted by ∼49 km s−1.
A25 J1543+0235
J1543+0235, is a Seyfert type-2 galaxy at a redshift of
0.18793, classified as HERG by Best & Heckman (2012b).
This is an extended radio source in GMRT continuum im-
age with resolved structure of ∼11.9′′which corresponds to
∼37 kpc in linear projected size. Hi spectrum towards this
source is also affected by ripples.
A26 J1559+5330
J1559+5330 is also a Seyfert type-2 galaxy (Toba et al.
2014) at a redshift of 0.17919 which has been classified as
HERG by Best & Heckman (2012b). We do not detect Hi
absorption towards this source.
A27 J2133-0712
J2133-0712 is radio galaxy at a redshift of 0.08654, classi-
fied as HERG by Best & Heckman (2012b) with disc shaped
morphology in SDSS optical image. We detect Hi absorption
towards this source with single Gaussian component red-
shifted by ∼51 km s−1 relative to optical systemic velocity.
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